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1
BIOLOGICAL PHOTOMETRIC DEVICE AND
BIOLOGICAL PHOTOMETRY METHOD
USING SAME

TECHNICAL FIELD

The present invention relates to a technology that separates
and removes influence of a surface component such as a scalp
blood flow component to be mixed in a signal component in
a biological photometric device using visible light or near-
infrared light.

BACKGROUND ART

A brain function measuring device that uses a near-infrared
spectroscopy (NIRS) may be used as medical and laboratory
instruments or used for verification of educational effect or a
rehabilitation effect, health management in homes, and mar-
ket research such as product monitoring. Further, the near-
infrared spectroscopy may also be used for a tissue oxygen
saturation measurement or muscle oxygen metabolism mea-
surement by using the same method. Further, the near-infra-
red spectroscopy may also be used not only for the measure-
ment of sugar content of a fruit but also for a general
absorption spectroscopic device.

The brain function measuring device using the near-infra-
red spectroscopy according to a related art includes an optical
topographic method that noninvasively forms an image of a
local hemodynamic change near a surface layer of a human
brain. The optical topographic method irradiates light having
a wavelength which belongs to a visible range to an infrared
range onto a subject, detects the light which passes into the
subject using a light detector at a point separated by several
centimeters, and measures an amount of change in a hemo-
globin concentration “(or change in multiplication of a hemo-
globin concentration and an optical path™) to form a two
dimensional image (for example, see Patent Literature 1 and
Non-Patent Literature 1). The optical topographic method is
less restrictive for the subject than a brain function measuring
technology such as a nuclear magnetic resonance imaging
(MRI) or a positron emission tomography (PET). In a clinical
site, a verbal function or a visual function is measured.

In a photo detecting signal or a biological signal (herein-
after, referred to as an NIRS signal) obtained by a noninvasive
optical brain function imaging using the NIRS including an
optical topographic method, there is a report saying that since
the light is irradiated from a scalp, a scalp blood flow change
in the scalp may affect the photo detecting signal or the
biological signal. A method that extracts and removes such a
component has been studied in consideration of the influence
of'the scalp blood flow. Most of them obtain a signal compo-
nent from portions having different depths by a method of a
distance between a plurality of irradiators-detectors (optical
transmitter-optical receiver) (hereinafter, referred to as SD
(source detector) distance) and remove a scalp blood flow
signal which may be considered to influence measurement
data of shallow layers using the signal component. Hereinaf-
ter, a measurement method at a plurality of SD distances is
referred to as a multiple SD distance method.

For example, there is a method that determines an absorp-
tion coefficient in a scalp and a brain (gray matter) by a
simultaneous equation using an optical path length in the
scalp and the brain (gray matter) in a short SD distance and a
long SD distance (for example, see Non-Patent Literature 2).
In the method, a head structure is assumed as a two layered
structure and it is required to assume a partial mean optical

10

15

20

25

30

35

40

45

50

55

60

65

2

path length of each of layers. However, it is difficult to esti-
mate an optical path length of a subject.

Further, a subtraction method that uses an adaptive filtering
is suggested. In the method, a value obtained by multiplying
an appropriate coefficient by measurement data in the short
SD distance (hereinafter, referred to as short SD distance
data) is subtracted from measurement data in a long SD
distance (hereinafter, referred to as long SD distance data) to
remove a scalp blood flow signal (for example, see Non-
Patent Literature 3). In addition, as a subtraction method that
uses linear regression, a method that obtains a brain activity
signal by subtracting a fitting signal that is obtained by lin-
early regressing the short SD distance data to the long SD
distance data from the long SD distance data is suggested (for
example, see Non-Patent Literature 4).

Following methods are disclosed as a technology related
thereto.

In Patent Literature 2, in order to provide a photometric
device that is capable of removing unnecessary information
by scalp blood flow using an optical transceiver including a
plurality of optical transmitting probes and a plurality of
optical receiving probes, a method that disposes a pair of a
plurality of irradiators and detectors at the same center point,
performs measurement, and removes unnecessary informa-
tion by an arithmetic processing is disclosed. Further, in
Patent Literature 3, with a device configuration that uses two
detectors for one light source, a method that appropriately
distinguish information obtained from two detectors to obtain
a result that mainly characterizes a state in a brain tissue
without being influenced by an overlapped adjacent tissue is
disclosed. In addition, in Patent Literatures 4, 5, and 6, a
method that calculates change in absorbance and performs
operation such as subtraction with the long SD distance data
and the short SD distance data is disclosed. However, these
methods have the following problems.

First, in the operation such as subtraction between mea-
surement data in each of the SD distances, it is difficult to
determine various coefficients. In such an operation, since the
various coefficients may influence the result, it is required to
set an appropriate value. Further, when the short SD distance
datais obtained, since the SD distance is often set to be 10 mm
or less and a signal component which depends on the change
in the absorption only on the scalp but not the brain blood flow
is obtained, an amplitude ratio of brainescalp components is
unknown. Therefore, it is difficult to determine an appropriate
coefficient by the operation. In order to appropriately correct
long SD distance measurement data including scalp contri-
bution and brain contribution, there is a need to know a
contribution ratio and an optical path length ratio of each of
the scalp and the brain.

Further, when the short SD distance data s fitted to the long
SD distance data, if the scalp blood flow signal and the brain
blood flow signal are not independent from each other, that is,
if the scalp blood flow signal is correlated with the brain blood
flow signal, the brain blood flow signal may be undesirably
removed from the long SD distance data.

As a method that does not use a multiple SD-distance
method, a method that extracts the brain activity using a
signal separating method is studied. For example, there is a
study saying that a spatial homogeneity (broad spectrum) of
independence components extracted using an independent
component analysis (ICA) is indexed and if the homogeneity
is high, simultaneously measured L.DF signals show signifi-
cantly high correlation (see Non-Patent Literature 5). In the
study, without using information such as task time, the scalp
blood flow is tried to be discriminated only using the inde-
pendence and the spatial distribution of the NIRS signals. As
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related patents, in Patent Literature 7, a method that divides a
signal into a plurality of independent components by the
independent component analysis and removes unnecessary
components using the broad spectrum thereof is disclosed.
Further, in Patent Literature 8, a method that divides a signal
into a plurality of independent components by the indepen-
dent component analysis and removes the unnecessary com-
ponents using a reference signal other than a brain function
measurement signal is disclosed. The method is an analysis
method based on an assumption that the scalp blood flow has
a broad spectrum. If the assumption is not satisfied, the
method cannot be applied. Therefore, in order to discriminate
a signal from the brain and a signal from the scalp, robust and
general analysis method and device configuration are
required.

CITATION LIST

Patent Literature

Patent Literature 1: Japanese Patent Application Laid-
Open Publication No. Hei9 (1997)-019408

Patent Literature 2: Japanese Patent Application Laid-
Open Publication No. 2008-64675

Patent Literature 3: Japanese Unexamined Patent Applica-
tion Publication No. 2002-527134

Patent Literature 4: U.S. Pat. No. 7,072,701 B2

Patent Literature 5: U.S. Pat. No. 5,349,961

Patent Literature 6: U.S. Pat. No. 5,902,235

Patent Literature 7: Japanese Patent Application Laid-
Open Publication No. 2005-245636

Patent Literature 8: Japanese Patent Application Laid-
Open Publication No. 2006-280421

Patent Literature 9: Japanese Patent Application Laid-
Open Publication No. 2001-178708

Non-Patent Literatures

Non-Patent Literature 1: A. Maki et al., “Spatial and tem-
poral analysis of human motor activity using noninvasive
NIR topography,” Medical Physics, Vol. 22, No. 12, p. 1997-
2005 (1995)

Non-Patent Literature 2: R. B. Saager and A. J. Berger:
Direct characterization and removal of interfering absorption
trends in two-layer turbid media: J. Opt. Soc. Am. A Opt.
Image. Sci. Vis. 22(9), p. 1874-1882 (2005)

Non-Patent Literature 3: Q. Zhang, E. N. Brown and G. E.
Strangman: Adaptive filtering for global interference cancel-
lation and real-time recovery of evoked brain activity: a
Monte Carlo simulation study: J. Biomed. Opt. 12(4),044014
(2007)

Non-Patent Literature 4: V. Toronov, et al.: Study of local
cerebral hemodynamics by frequency-domain near-infrared
spectroscopy and correlation with simultaneously acquired
functional magnetic resonance imaging: Opt. Express 9(8), p.
417-427 (2001)

Non-Patent Literature 5: S. Kohno, et al., “Removal of the
skin blood flow artifact in functional near-infrared spectro-
scopic imaging data through independent component analy-
sis,” J Biomed Opt 12(6), 062111 (2007)

Non-Patent Literature 6: T. Yamamoto et al., “Arranging
optical fibres for the spatial resolution improvement of topo-
graphical images,” Phys. Med. Biol., Vol. 47, p. 3429-3440
(2002)

w

10

15

20

25

30

35

40

45

50

55

60

65

4
SUMMARY OF INVENTION

Technical Problem

An object of the present invention is to remove influence of
a tissue component other than a brain including a local scalp
blood flow contained in near infrared spectroscopy (NIRS)
signals, discriminate and extract only a signal from the brain
or the cerebral cortex, and more generally discriminate and
extract a brain component, a scalp component, and a compo-
nent which is shared by the brain and the scalp. Further,
another object of the invention is to discriminate the signal
from the brain and the signal from the scalp in consideration
of the personal difference of the contribution ratio of the
signal from the brain and the signal from the scalp.

Solution to Problem

In order to address the above problems, in a biological
photometric device according to the present invention, in
order to discriminate the signal from the brain and the signal
from the scalp, optical transmitters and optical receivers are
disposed so as to achieve the measurement by a plurality of
SD distances and propagate light which is received by the
optical receivers in both a gray matter and the scalp. At the
time of measurement, the measurement is performed by
appropriately switching the power on/off or high/low power
of a light source or on/off or high/low gain of the detector if
necessary so that the signals from the plurality of light sources
are not interrupted from each other at the time of detecting the
signal and each of the optical receivers receives light with an
appropriate intensity level. Further, at the time of analysis, a
signal separating method such as independent component
analysis (ICA) is performed using data at measurement points
and it is determined whether the separated component is a
signal component from the brain or a scalp signal component
using an SD distance dependency of a weight value at each of
the measurement points of one or a plurality of obtained
separated components. In addition, only using one or the
plurality of separated components, a measurement signal in
each of the SD distances is reconstructed.

Configurations of the present invention will be described
below.

A biological photometric device includes one or a plurality
of light irradiating units that irradiates light on a subject; one
or a plurality of light detecting units that detects the light,
which is irradiated on an irradiation point on the subject from
the one or plurality of light irradiating units and propagated in
the subject, at a detection point on the subject; a controller that
controls the one or plurality of light irradiating units and the
one or plurality of light detecting units; an analysis part that
analyzes the signal obtained by the one or plurality of light
detecting units; and a display that displays an analysis result
in the analysis part. Each of the light irradiating units and each
of the light detecting units are disposed on the subject such
that SD distance defined on the subject as a distance between
the irradiation point and the detection point is of at least two
types, and the analysis part extracts one or a plurality of
separated components using a signal separation method from
the plurality of measurement data measured by a combination
of the light irradiating unit and the light detecting unit and
selects the separated components based on the SD distance
dependency of the separated components and reconstructs
measurement data using the selected separated component.

In the biological photometric device, the SD distance
dependency may be a model parameter of a regression curve
when a functional value determined by at least one of an
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amplitude value, an amplitude value standard deviation, and a
weight value at each measurement point of the one or the
plurality of separated components is plotted with respect to
the SD distance or a partial optical path length in the gray
matter to perform regression analysis.

In the biological photometric device, the analysis part may
use the parameter to calculate a contribution ratio of a deep
portion and a shallow portion in the component which is
commonly included in the shallow portion and the deep por-
tion of the subject and may use a weight which is proportional
to the contribution ratio to reconstruct the deep portion com-
ponent and the shallow portion component.

In the biological photometric device, the one or plurality of
light detecting units may be disposed so as to detect a signal
from at least two light irradiating units having different SD
distances among the signals from the plurality of light irradi-
ating units which are disposed within a radius of 60 mm from
the light detecting unit on the subject.

In the biological photometric device, the one or plurality of
light detecting units may detect a signal from at least two
kinds of the plurality of light irradiating units at different
timings.

In the biological photometric device, the one or plurality of
light detecting units may be disposed so as to detect the light
that is irradiated from the one or plurality of light irradiating
units and propagated in a gray matter of the subject.

In the biological photometric device, the functional value
may be g (w, u, 0)=wx(u"2+072)"(0.5) or g(w)=w (w is a
weight value, u is a mean amplitude value of the separated
component, and o is a standard deviation of an amplitude
value of the separated component).

In the biological photometric device, the controller may
control a power of the light irradiated from the light irradiat-
ing units depending on the SD distance or a power of the light
detected by the light detecting units.

In the biological photometric device, the controller may
switch the use or no use of the light irradiating units or the
light detecting units in accordance with the time.

In the biological photometric device, the display may dis-
play the separated components so as to divide the separated
components into a shallow portion signal, a deep portion
signal, a signal which is commonly included in the shallow
portion and the deep portion or divide the signals in a plurality
of SD distances, or divide signals in a measurement portion
including at least one of a frontal region, a temporal region, a
parietal region, and an occipital region of head of the subject,
or divide the separated components into a response signal of
atask including at least one of a memory task, a motor task, a
verbal task, and a visual task.

The biological photometric device may further include: a
support that supports the light irradiating units and the light
detecting units. The support additionally or detachably sup-
ports an auxiliary light detecting unit in order to increase the
measurement points, and the auxiliary light detecting unit
detects the light at a timing when the auxiliary light detecting
unit is synchronized with at least one of the plurality of light
detecting units.

The biological photometric device may further include an
input unit that manually inputs a control method in the con-
troller and an analysis method in the analysis part.

In the biological photometric device, the plurality of light
irradiating units and the plurality of light detecting units may
be disposed such that the SD distance in at least two measure-
ment points is larger than approximately 10 mm.

In the biological photometric device, a component includ-
ing at least one of a biological signal in a shallow portion of
the subject, a biological signal in a deep portion, a systemic
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biological signal, a device noise, and a noise due to a body
motion may be separated and extracted.

A biological photometric method uses a biological photo-
metric device including one or a plurality of light irradiating
units that irradiates light on a subject; one or a plurality of
light detecting units that detects the light, which is irradiated
on an irradiation point on the subject from the one or plurality
of light irradiating units and propagated in the subject, at a
detection point on the subject; a controller that controls the
one or plurality of light irradiating units and the one or plu-
rality of light detecting units; and an analysis part that ana-
lyzes the signal obtained by the one or plurality of light
detecting units, the method includes disposing each of the
light irradiating units and each of the light detecting units on
the subject such that SD distance defined on the subject as a
distance between the irradiation point and the detection point
is of at least two types; extracting one or a plurality of sepa-
rated components using a signal separation method from the
plurality of measurement data measured by a combination of
the light irradiating unit and the light detecting unit; and
selecting the separated components based on the SD distance
dependency of the separated components and reconstructing
measurement data using the selected separated component.

Advantageous Effects of Invention

In atypical human head structure, change in a partial mean
optical path length of a scalp (skin) is smaller than change in
an SD distance. In contrast, in a partial mean optical path
length of a gray matter (brain), the SD distance is substan-
tially linearly increased in a range of about 10 mm or larger
and 40 mm or smaller. Therefore, in the human head structure,
the partial mean optical path length of a layer inherently has
SD distance dependency. Further, an amplitude of an NIRS
signal which is analyzed based on a Modified Beer-Lambert
law is proportional to the partial optical path length in a
hemodynamic variation region. From these reasons, from the
SD distance dependency of a weigh value (corresponding to
contribution for amplitude value) of separated components
obtained from measurement data by the signal separating
method, the separated signals may be discriminated into a
signal from the brain or a signal from the scalp. The SD
distance dependency of the partial mean optical path length of
each layer depends only on the head structure and an optical
property and has almost similar tendency regardless of the
subjects. Therefore, even though an optical path length shows
personal difference, it is possible to discriminate the signal
from the brain and the signal from the scalp by adjusting a
threshold value when the separated component is selected as
a brain component or a scalp component.

According to the aspects of the invention, in consideration
of the personal difference, it is possible to accurately dis-
criminate the signal from the brain and the signal from the
scalp and measure a variation in a tissue blood volume in
accordance with the purpose such as extracting the signal
from the brain or the signal from the scalp or extracting an
overlapping signal of the signal from the brain and the signal
from the scalp. Further, in a device configuration to achieve
the above object, it is possible to efficiently obtain a signal
while avoiding interference between the measurement points
by arrangement of the probes of a multiple SD distance
method.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a view illustrating a configuration of a device
according to the present invention.
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FIG. 2 is a view illustrating an example of a measurement
cross-sectional view of a multiple SD distance method.

FIG. 3 is a view illustrating relationship between an SD
distance and a photon transmittance in a typical head model.

FIG. 4A is a view illustrating a relationship between the SD
distance and a partial mean optical path length in a scalp.

FIG. 4B is a view illustrating a relationship between the SD
distance and a partial mean optical path length in a gray
matter.

FIG. 5 is a view explaining component discrimination of
independent components by the weight value gradient.

FIG. 6 is a view illustrating an example of probe arrange-
ment in a human head.

FIG. 7A is a view illustrating an example of a matrix type
probe arrangement in a related art.

FIG. 7B is a view illustrating an example of arrangement of
measurement points of the matrix type probe arrangement of
in a related art

FIG. 8A is a view illustrating an example of double density
probe arrangement.

FIG. 8B is a view illustrating an example of arrangement of
measurement points in the double density probe arrangement.

FIG. 9A is a view illustrating a first example of the probe
arrangement and a lighting order of light sources.

FIG. 9B is a view illustrating a first example of the arrange-
ment of measurement points and a measuring order.

FIG. 10 is a view illustrating a first example of a lighting
order of the light sources and a measuring order by a detector.

FIG. 11A is a view illustrating a second example of the
probe arrangement and a lighting order of light sources.

FIG. 11B is a view illustrating a second example of the
arrangement of measurement points and a measuring order.

FIG. 12 is a view illustrating a second example of a lighting
order of the light sources and a measuring order by a detector.

FIG. 13A is a view illustrating a third example of the probe
arrangement and a lighting order of light sources.

FIG. 13B is a view illustrating a third example of the
arrangement of measurement points and a measuring order.

FIG. 14 is a view illustrating a third example of a lighting
order of the light sources and a measuring order by a detector.

FIG. 15A is a view illustrating an example of quadruple
density probe arrangement A.

FIG. 15B is a view illustrating an example of arrangement
of measurement points of the quadruple density probe
arrangement A.

FIG. 16A is a view illustrating an example of quadruple
density probe arrangement B.

FIG. 16B is a view illustrating an example of arrangement
of measurement points of the quadruple density probe
arrangement B.

FIG. 17A is a view illustrating an example of quadruple
density probe arrangement C.

FIG. 17B is a view illustrating an example of arrangement
of measurement points of the quadruple density probe
arrangement C.

FIG. 18A is a view illustrating an example of quadruple
density probe arrangement D.

FIG. 18B is a view illustrating an example of arrangement
of measurement points of the quadruple density probe
arrangement D.

FIG. 19A is a view illustrating an example of a double
density probe arrangement.

FIG.19B is a view illustrating a set of used light source and
detector in measurement points of the double density probe.

FIG. 20 is a view illustrating a setting screen of the probe
arrangement and the SD distance.
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FIG. 21 is a view illustrating a setting screen of a used SD
distance and an effective radius.

FIG. 22 is a view illustrating a setting screen of a light
intensity and a gain of a detector.

FIG. 23 is a view illustrating a detector gain automatic
adjusting screen.

FIG. 24 is a view illustrating data structure of measurement
point information.

FIG. 25 is a view illustrating a measurement flowchart.

FIG. 26 is a flowchart of scalp blood flow discrimination.

FIG. 27 is a flowchart of selecting a measurement point in
a second SD distance corresponding to a measurement point
in a first SD distance.

FIG. 28 is a flowchart of determining a threshold value of
a weight value gradient of independent components in an SD
distance.

FIG. 29 is a view illustrating a multiple SD distance probe
arrangement having one optical transmitter and six optical
receivers.

FIG. 30 is a view illustrating measurement data at each SD
distance at the time of performing a verbal working memory
task.

FIG. 31 is a view illustrating an extracted independent
component, a weight value gradient, and an average of inter-
trial correlation coefficients.

FIG. 32 is an example of result display of original data, a
signal from the brain, and a signal from the scalp.

FIG. 33 is a display example of measurement result by a
whole head measuring type brain function photometric
device.

FIG. 34 is a display example of two dimensional data at
every SD distance.

FIG. 35 is a view illustrating a model of a partial optical
path length in the scalp and the gray matter.

FIG. 36 is a view illustrating an example of an SD dis-
tance—component’s contribution value distribution of a
component which is shared by the scalp and the gray matter
and a regression line thereof.

FIG. 37 is a flowchart illustrating a component separating
method using an x-intercept of the regression line of an SD
distance—component’s contribution value distribution of
each independent component.

FIG. 38A is a view illustrating a probe arrangement that
adds only an optical receiver to the double density probe
arrangement.

FIG. 38B is a view illustrating arrangement of measure-
ment points of the probe arrangement that adds only an opti-
cal receiver to the double density probe arrangement.

FIG. 39 is a view illustrating an experimental configuration
using a whole head measuring type brain function photomet-
ric device.

FIG. 40 is an example of a screen that displays task depen-
dency of a brain component and a scalp component in respec-
tive regions of a subject.

DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments of the invention will be
described with reference to the drawings.

First Embodiment

FIG. 1 shows an example of a configuration of a device
according to the present invention. In a biological photomet-
ric device that detects light which enters into a biological
body, scattered, absorbed, and propagated in the biological
body and then exits from the biological body, the light 30
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which is irradiated from one or a plurality of light sources 101
included in a main body 20 enters into a subject 10 through a
waveguide 40. The light 30 that enters into the subject 10 from
an irradiation point 12 and then is transmitted and propagated
in the subject 10 is detected by one or a plurality of light
detectors 102 from a detection point 13 which is spaced apart
from the irradiation point 12 through the waveguide 40. An
SD distance is defined by a distance between the irradiation
point 12 and the detection point 13 as described above.

Here, one or the plurality of light sources 101 may be a
laser diode (LD) or a light emitting diode (LED) and one or
the plurality of light detectors may be an avalanche photo-
diode (APD), a photodiode (PD), or a photomultiplier tube
(PMT). Further, the waveguide 40 may be an optical fiber,
glass, or a light guide.

The light source 101 is driven by a light source driver 103
and a gain of one or the plurality of light detectors 102 is
controlled by a control and analysis part 106. The control and
analysis part 106 also controls the light source driver 103 and
receives conditions from an input part 107.

An electric signal which is photoelectrically converted by
the light detector 102 is amplified by an amplifier 104, analog
to digital converted by an analog-to-digital converter 105 and
then sent to the control and analysis part 106 to be processed.

In the control and analysis part 106, analysis is performed
based on a signal detected by the light detector 102. Specifi-
cally, a digital signal converted by the analog-to-digital con-
verter 105 is received and an oxygenated hemoglobin con-
centration length change and deoxygenated hemoglobin
concentration length change (oxy-Hb and deoxy-Hb) are cal-
culated from change in a detected light intensity or change in
an absorbance based on the digital signal on the basis of, for
example, a method disclosed in Non-Patent Literature 1.
Here, the concentration length change is a changed amount of
a product of the concentration and an optical path length.

Here, it is assumed that the control and analysis part 106
drives the light source 101, controls a gain of the light detector
102, and processes a signal from the analog-to-digital con-
verter 105. However, individual control parts may be pro-
vided and a unit that combines the individual control parts
may be provided to perform the same function as the control
and analysis part 106.

Further, the measurement data and the hemoglobin con-
centration length change calculating result are stored in a
memory part 108 and the measurement result may be dis-
played on a display 109 based on the analysis result and/or
stored data.

Even though an optical transmitter 50 and an optical
receiver 60 are not illustrated in FIG. 1, the optical transmitter
50, for example, includes the waveguide 40 at a light source
101 side and disposed so as to be in contact with or almost
contact with the subject 10. The optical receiver 60, for
example, includes the waveguide 40 at a light detector 102
side and disposed so as to be in contact with or almost contact
with the subject 10. In this case, on the subject 10, the optical
transmitters 50 and the optical receivers 60 are disposed such
that light which is received by each optical receiver is propa-
gated in both the gray matter and the scalp. This is because the
signal from the brain needs to be included when the gradient
is calculated in order to assume that the signal from the brain
included in an optical receiving signal is approximately and
linearly increased in accordance with the SD distance in the
analyzing method described below. If the SD distance is
significantly short and thus a mean optical path length of the
gray matter is short, it is difficult to precisely calculate the
gradient for the SD distance of the signal component from the
brain.
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Next, a method of separating and extracting a signal from
the brain and a signal from the scalp using the measurement
data and the hemoglobin concentration length change calcu-
lating result will be described. The method uses independent
component analysis (ICA) to extract a plurality of indepen-
dent components from the NIRS signal obtained by the mea-
surement and classifies the independent components into a
brain component or a scalp component. The independent
component analysis is an analysis method that is capable of
separating linearly mixed signals without requiring transcen-
dental information as one of signal separating methods. The
method is effective in analyzing data which has a plurality of
signal sources and is measured at plural points.

Hereinafter, a method that applies the independent compo-
nent analysis only to oxy-Hb having a larger amplitude
between two components of the hemoglobin concentration
length change obtained by the NIRS measurement and sepa-
rates the signal from the brain and the signal from parts other
than the brain from the result will be described. However,
deoxy-Hb or all of hemoglobin concentration length changes
(oxy-Hb+deoxy-Hb) may be used.

FIG. 2 illustrates an example of a measurement cross-
sectional view of a multiple SD distance method. The light 30
which is irradiated from the optical transmitter 50 enters from
the upper portion of the scalp and is propagated in a tissue in
all directions. If the optical receivers 60 are disposed at an SD
distance of 15 mm and an SD distance of 30 mm, as illustrated
in FIG. 2, the light 30 which is received by the optical receiver
60 at the SD distance of 15 mm transmits an averagely shal-
lower region than light 30 which is received by the optical
receiver 60 at the SD distance of 30 mm. FIG. 3 shows a result
obtained by calculating the relationship between the SD dis-
tance and the photon transmittance in a typical head model by
Monte Carlo simulation. In the case of the SD distance of 15
mm and the SD distance of 30 mm, as illustrated in FIG. 3, the
difference of the photon transmittances is approximately
double digits. The difference is caused by the different mean
optical path lengths in the tissue. Here, the partial mean
optical path length on every layer of the head is changed by
the SD distance.

FIGS. 4A and 4B are views illustrating a relationship
between the SD distance and partial mean optical path lengths
in the scalp and the gray matter obtained by the Monte Carlo
simulation in which FIG. 4A illustrates the relationship
between the SD distance and the partial mean optical path
length in the scalp and FIG. 4B illustrates the relationship
between the SD distance and the partial mean optical path
length in the gray matter. A horizontal axis represents the SD
distance (mm) and a vertical axis represents the optical path
lengths (mm) in the scalp and the gray matter. The partial
optical path length in the scalp does not exhibit the SD dis-
tance dependency but the partial optical path length in the
gray matter exhibits the linear SD distance dependency. The
partial mean optical path length in the scalp is varied because
the number of calculated photons of the simulation is small
and thus the result is not converged. Since the NIRS signal
intensity is proportional to the partial optical path length of a
region where the blood flow is changed (see Non-Patent Lit-
erature 1) (it is assumed that the blood flow is uniformly
changed in the partial optical path), as illustrated in FIGS. 4A
and 4B, if the SD distance is increased, it is expected that the
brain component in the NIRS measurement signal is
increased but the scalp component is not changed. The
present invention focuses on changed amount of the signal
intensity with respect to the SD distance, that is, the gradient

(slope).
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Asillustrated in FIGS. 4A and 4B, if the partial optical path
length in the gray matter is Lgray (mm) and the SD distance
is SD (mm), the relationship therebetween is represented by
Equation 1.

[Equation 1]
L .,~0.833xSD-9.020[mm] (1
Here, if it is assumed that the partial optical path length
(Lgray (mm)) in the gray matter is not temporally changed
and a general amplitude ACL (changed amount of a product
of'a hemoglobin concentration and the optical path length) of
the NIRS measurement signal is 0.1 mMmm (=(mmol/1)x
(mm)) for descriptive purposes (Equation 2), and
L=Lgray=15.97 mm (in case of SD=30 mm in FIG. 4) is
substituted, AC is obtained as represented in Equation 3.

[Equation 2]

ACXLg,,,=0.1[mMmm] 2)

[Equation 3]
AC=0.1/L,,=0.1/15.97=6.26x10~*[mM] 3)

Therefore, Equation 4 is obtained by multiplying both
sides of Equation 1 by AC.

[Equation 4]

ACL,,~0.0052xSD-0.056[mMmm] )

Here, if an amplitude value of an i-th independent compo-
nent is Ui(t) as a function of time and a weight value of the i-th
independent component at the SD distance of s (mm) is W
(1, s) (i=1, 2, . . ., n) when the number of independent
components is n, the NIRS signal ACL (s, t) at each timing in
each SD distance is represented by linear coupling of the
independent components as represented in Equation 5.

[Equation 5]

ACL(s,)=W(1,5)xU(0)+ . . . +W(n,$)x U, (1) [mMmm] (5)

Here, a root mean square Urms of the independent com-
ponents is represented by Equation 6 using a time average
Umean and a standard deviation Ustd of the independent
components.

[Equation 6]

T 2,77 2
UiV Upnean U ®

Since a contribution portion which is proportional to the
optical path length is reflected on the relationship of Equation
5 and data which is simultaneously measured at a plurality of
SD distances, it is considered that the gradient d (IWx
Urmsl)/d (SD) (mMmnm/mm) of an absolute value of the
product of the weight value and the root mean square of the
independent component is ideally equal to a gradient d
(ACL)/d (SD)=0.0052 (mMmm/mm) with respect to the SD
distance of an amplitude of the NIRS signal derived from
Equation 4 so that Equation 7 is obtained.

[Equation 7]

d(1WxUrms|)/d(SD)=d(ACL)/d(SD)=0.0052
[mMmm/mm] (7
Equation 7 assumes a typical head model. Further, the
amplitude value of the NIRS measurement signal is assumed
as ACL=0.1 (mMmm) for descriptive purposes as described
above. Here, using the gradient d (IWxUrmsl)/d (SD)
(mMmm/mm) of the absolute value of the product of the
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weight value and the root mean square of the independent
component, in order to separate the signal from the brain
(specifically, gray matter) and the signal from the skin (scalp),
a threshold value of d (IWxUrmsl)/d (SD) (mMmm/mm) is
set and it is assumed that an independent component which is
smaller than the threshold value is not the brain component.
Such a component is considered as a scalp component or a
noise component. The gradient may be calculated by obtain-
ing the regression line by the least-square method. As
described above, after separating the independent compo-
nents by the ICA, results of reconfiguration using an indepen-
dent component which is equal to or larger than the threshold
value and an independent component which is smaller than
the threshold value become the signal from the brain and the
signal from the scalp. A method that makes the threshold
value, for example, approximately half the gradient calcu-
lated here is considered. However, in principle, an optical
path length of the head is varied for every subject and the
signal amplitude is varied for every task. Therefore, it is
desirable to optimize the threshold value for every subject and
for every task.

Here, the regression to a linear function will be described.
However, if the partial mean optical path length of the gray
matter with respect to the SD distance in FIG. 4 depends on
the head structure but is not a linear function, more general
polynomial regression or a method that regresses to an expo-
nential function, a logarithm function, a hyperbolic function,
or any other functions may be used.

FIG. 5 plots a weight value of each of the independent
components with respect to the SD distance when two types
of SD distances, that is, 15 mm (one point) and 30 mm (two
points) are used and two types of independent components
extracted from the signals are used. The horizontal axis is the
SD distance and the vertical axis is the weight value of the
independent component. A straight line obtained in each of
the independent component by the least-square method and a
straight line corresponding to the threshold value of the gra-
dient are simultaneously illustrated. In FIG. 5, since a gradi-
ent of a component 1 is the threshold value or higher, the
component 1 is determined as a brain component. Further,
since a gradient of a component 2 is lower than the threshold
value, the component 2 is determined as a scalp component.

In the method, since the gradient of the weight value of the
independent component with respect to the SD distance is
used, measurement data having an SD distance of approxi-
mately 10 mm or longer is required so that the partial mean
optical path length of the gray matter is O or larger. Here,
approximately 10 mm means 7 mm or longer and 13 mm or
shorter.

In FIG. 5, the weight value of the independent component
is used as the function value. However, an amplitude value or
a standard deviation of the amplitude values may be used.

Further, a method that calculates the gradient using the
absolute value of the product of the weight value and the root
mean square of the independent component as the threshold
value has been described. However, if the independent com-
ponents are appropriately normalized, the gradient may be
calculated only using the weight value of the independent
component. In other words, a gradient of the function g with
respect to the SD distance when a function g determined by
any one of the weight value, the mean amplitude value, and
the standard deviation of the amplitude values is g (w, u,
O)wx(u"2+072)7(0.5) or g(w)=w (w is a weight value, u is a
mean amplitude value of the separated component, and o is a
standard deviation of amplitude values of the separated com-
ponent) may be used as the threshold value.
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Further, the terminologies used here “brain component”
and “scalp component” are expediential terms and are NIRS
signals reconfigured by an independent component which is
formally separated by the gradient of the weight value with
respectto the SD distance by the above method and a plurality
of separated independent components. Therefore, for
example, it is considered that the “brain component” may
include a blood variation component in a blood vessel in the
skull in addition to a biological signal of a deep tissue includ-
ing the brain. In addition, the “scalp component” may include
non-brain component, that is, a systemic biological signal,
device noise, or noise caused by the body motion in addition
to a biological signal of a shallow tissue.

Here, even though an independent component analysis is
described as a signal separating method, the method of the
present invention may be carried out even when a signal
separating method such as main component analysis, factor
analysis, multiple regression analysis, or cluster analysis is
used.

Next, it is described that the above method is applied to the
measurement with actual probe arrangement. FIG. 6 illus-
trates an example of a probe arrangement in the human head.
The probe may be arranged in the entire head including a
frontal region, a temporal region, a parietal region, and an
occipital region. FIG. 7A illustrates a matrix type probe
arrangement in the related art (for example, see Non-Patent
Literature 1) and FIG. 7B illustrates arrangement of measure-
ment points. In the arrangement, an interval between the
optical transmitter 50 and the optical receiver 60 is usually
approximately 30 mm and a substantially center point
becomes a measurement point 11a. “[7”, “W”, and “@®” indi-
cate the optical transmitter, the optical receiver, and the mea-
surement point, respectively. In the arrangement, the SD dis-
tance is 30 mm at all measurement points 11a. Even though
the measurement may be performed at the combination with
the SD distance of 60 mm, the signal to noise ratio (SNR)
becomes smaller and the method is not realistic.

FIG. 8A illustrates double density probe arrangement and
FIG. 8B illustrates the arrangement of measurement points.
The probe arrangement is disclosed in Patent Literature 9 and
Non-Patent Literature 6. The arrangement is an arrangement
where the matrix type probe arrangement of FIG. 7 is shifted
by 15 mm on the X-axis to overlap with each other. “[(J”, “W”,
“@”, and “A” indicate the optical transmitter 50, the optical
receiver 60, the measurement point 11a at the SD distance of
30 mm, and the measurement point 11¢ at the SD distance of
15 mm, respectively.

Here, in order to extract the signal from the scalp, measure-
ment signals at measurement points in a plurality of SD
distances are used. The signal is used to selecta component to
be used after separating the components of the signals. In the
case of mapping by the interpolation only using the measure-
ment signal at the same SD distance, for example, if the SD
distance is approximately 15 to 20 mm, a map in which
contribution of a signal from a shallow portion including the
scalp is large is obtained.

Here, by the SD distance, if imaging is performed only
using data at the same SD distance, the number of measure-
ment points is small. Therefore, the resolution may be low-
ered. In the example of FIGS. 8A and 8B, the number of the
measurement points in the SD distance of 15 mm is smaller
than that of the measurement points in the SD distance of 30
mm and thus the distribution density is small. Even the mea-
surement data in the SD distance whose distribution density is
small is effective in extracting a signal (the signal from the
brain or the signal from the scalp) which will be separated
from the data at the measurement point in the SD distance of
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30 mm. Therefore, even when the number of the measure-
ment points is small, effective measurement data may be
obtained.

In order to perform measurement in two types of SD dis-
tances as described above, a method that switches the lighting
order of the light sources will be described below. If all light
sources are simultaneously turned on, each of the detectors
receives a signal of the SD distance of 15 mm and a signal of
the SD distance of 30 mm simultaneously and the difference
of the received light intensity is two digits (FIG. 3). There-
fore, the SNR of'the signal in the SD distance of 30 mm may
be undesirably lowered by the influence of photocurrent shot
noise accompanied by receiving the light in the SD distance
of 15 mm. Therefore, if the irradiation powers of the light
sources are constant, the signals in the SD distances of 15 mm
and 30 mm are desirably detected at different timings. As a
first method that switches the lighting order of the light
sources, a first example of the probe arrangement and the
lighting order of the light sources is illustrated in FIGS. 9A
and 9B. F1G. 9A illustrates an upper half of the probe arrange-
ment of FIG. 8A. “[J” and “W” indicate the optical transmitter
50 and the optical receiver 60, respectively. Circled numerals
1 and 2 indicate the lighting order of the light sources. Sym-
bols written on each probe indicate a surface (A surface/B
surface), a light source/detector (S: source/D: detector), and
the probe number. For example, AS1 denotes a light source
No. 1 on the A surface. The probe arrangement overlaps two
matrix type probe arrangements of the related art in FIG. 7A.
If the probe arrangements are referred to as the A surface and
the B surface, in the lighting order illustrated in FIG. 9A, the
light sources on the A surface and the B surface are alternately
turned on. FIG. 9B illustrates the arrangement of measure-
ment points and the measuring order. A circle indicates the
measurement point in the SD distance of 30 mm and a triangle
indicates the measurement point in the SD distance of 15 mm,
and the symbol written on or below the measurement point
indicates a corresponding light source number and a corre-
sponding detector number. FIG. 10 illustrates a first example
of' the light order of the light sources and the measuring order
by the detector. Here, only a light source 1 (AS1) and a light
source 2 (AS2) on the A surface, a light source 1 (BS1) and a
light source 2 (BS2) on the B surface, a detector 1 (AD1) and
a detector 2 (AD2) on the A surface, a detector 1 (BD1) and a
detector 2 (BD2) on the B surface are illustrated. The detec-
tors are always turned on and the light sources alternately
switch the A surface and the B surface. By adopting the
lighting order, the same intensity modulation frequency or
lock-in frequency may be used on the A surface and the B
surface and the kinds of necessary frequency may be halved.
Therefore, it is easy to design the band width of the intensity
modulation frequency between the light sources so as not to
overlap each other.

As a second method that switches the lighting order of the
light sources, a second example of the probe arrangement and
the lighting order of the light sources is illustrated in FIGS.
11A and 11B. The reference symbols are same as in FIGS. 9A
and 9B. According to the lighting order, in the light source,
the measurement in the SD distance of 15 mm and the mea-
surement in the SD distance of 30 mm are performed at
different timings. Therefore, the light amount is adjusted in
accordance with the SD distances to easily adjust the gain
without saturating the detector. In FIG. 12, a second example
of the lighting order of the light sources and the measuring
order by the detector is illustrated. The reference symbols are
same as in FIG. 10. Even though the light source is always
turned on, the power of the light source is set to be small at the
timing in the SD distance of 15 mm and the power of the light
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source is set to be large at the timing in the SD distance of 30
mm. The detector simultaneously receives a signal in the SD
distance of 15 mm and a signal in the SD distance of 30 mm
while being used, but is turned off during a timing when the
detector is not used. Since the detector is turned off while
being unused, it is possible to reduce the power consumption
of the detector.

As a third method that switches the lighting order of the
light sources, a third example of the probe arrangement and
the lighting order of the light sources is illustrated in FIGS.
13 A and 13B. The reference symbols are same as in FIGS. 9A
and 9B. According to the lighting order, the measuring tim-
ings in the SD distance of 30 mm on the A surface and the B
surface are different and a timing when the SD distance of 15
mm is measured is separately set. Even though the time reso-
Iution is lowered, an average power is lowered so that the shot
noise due to the photocurrent in each detector may be lowered
and the detectors are hardly saturated. In FIG. 14, a third
example of the lighting order of the light sources and the
measuring order by the detector is illustrated. The reference
symbols are same as in FIG. 10. The light source is turned on
for measurement in the SD distance of 30 mm on any one of
the A surface and the B surface and also turned on for mea-
surement in the SD distance of 15 mm. Therefore, among
three lighting timings, the light source is turned on two times
and turned off one time. However, since AS1 is disposed at an
edge and no detector that measures the SD distance of 15 mm
is provided at AS1, among three lighting timings, the light
source is turned off two times.

In the above description, even though a device that uses a
lock-in detecting method is supposed, in addition to the
CDMA method, a time divisional detecting method that
sequentially turns on the light sources at the respective light-
ing timings may be used. In the time divisional detecting
method, only one light source is simultaneously turned on.
Therefore, there is no need to consider the interference
between the light sources at the time of detection and an
average irradiating power for the subject 10 is lowered so that
a peak power per one light source may be increased.

FIGS. 15 to 18 illustrate quadruple density probe arrange-
ments A to D and arrangement of measurement points. The
quadruple density probe arrangement A of FIGS. 15A and
15B is disclosed in Non-Patent Literature 6. In each drawing,
‘T M, <@, X, “A”, and “ ¢ ” indicate the optical trans-
mitter 50, the optical receiver 60, a measurement point 11a in
the SD distance of 30 mm, a measurement point 115 in the SD
distance of 23.7 mm, a measurement point 11¢ in the SD
distance of 15 mm, and a measurement point 114 in the SD
distance of 10.6 mm, respectively. In any of probe arrange-
ments in FIGS. 15 to 18, the arrangements of measurement
points in the SD distance of 30 mm are same. In this case, the
distance between the measurement points in the SD distance
of'30 mm is 10.6 mm and a spatial distribution density of the
measurement points is increased and the spatial resolution is
also increased. Further, the number of usable SD distances is
increased and the distribution density is increased so that it is
effective in performing the method of separating and extract-
ing the signals from the brain and the scalp. Further, since in
addition to the SD distance illustrated in FIGS. 15 to 18, a
measurement point may be obtained by combining the optical
transmitter 50 and the optical receiver 60 likes an SD distance
of'45 mm, the arrangement of measurement points including
such a measurement point may be used. In this case, there is
a need to appropriately set the lighting order of the light
sources by the arrangement of the measurement points.

When the method of separating and extracting the signals
from the brain and the scalp is performed, the SD distance
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which is uniquely determined by the pair of the optical trans-
mitter 50 and the optical receiver 60 is stored by the memory
part 108 of the biological photometric device of the present
invention and thus the control and analysis part 106 needs to
use the value to perform analysis. FIG. 19A illustrates a
double density probe arrangement and FIG. 19B illustrates a
set of used light source and detector at the measurement point
available at that time. In FIG. 19B, “O” indicates a measure-
ment point in the SD distance of 30 mm and “®” indicates a
measurement point in the SD distance of 15 mm. A blank cell
indicates that the measurement is not performed in the com-
bination of the corresponding light source and detector and
thus is unused. The correspondence relationship is input by
the input part 107 or read out from the memory part 108.

FIG. 20 illustrates a setting screen of the probe arrange-
ment and the SD distance. In the setting screen, setting lists
are input from a key board or a mouse included in the input
part 107. In a combo box 110 that selects the probe arrange-
ments, the probe arrangement is selected. For example, an
arrangement with four optical transmitting/receiving probes
in a vertical direction and eight optical transmitting/receiving
probes in a horizontal direction (4x8) and an arrangement
with three optical transmitting/receiving probes in a vertical
direction and ten optical transmitting/receiving probes in a
horizontal direction (3x10) are displayed as an example. In
these arrangements, since the positions of the measurable
measurement points or the SD distance are determined in
advance, there is no need to input the SD distance and the like.
If “Other” is selected or a SD distance or the combination of
the light source and detector to be used in the probe arrange-
ment of “4x8” or “3x10” is manually set, the following selec-
tion is performed using a radio button 111 for SD distance
setting. In the “manual setting”, both the combination of light
source and detector to be used and the SD distance are manu-
ally set. In the “automatic setting”, both the combination of
light source and detector to be used and the SD distance are
automatically set. In this case, for example, it is set to measure
all measurement points in SD distances of approximately 10
to 40 mm. In “auto setting of only SD distance of 30 mm”,
among all combinations of light source and detector, only the
SD distance of 30 mm is automatically set to be used and the
others may be manually set. “Set used SD distance” will be
described with reference to FIG. 21. When the combination of
light source and detector to be used and the SD distance are
manually set, the setting is available by inputting numbers in
a cell 112 for inputting the SD distance. If an experimenter
stores the setting conditions, the experimenter presses an OK
button 113. In contrast, if the experimenter does not store the
setting conditions, the experimenter presses a cancel button
114. In the example, even though the SD distances of 30 mm
and 15 mm are displayed, the control and analysis part 106
may automatically calculate all SD distances of the optical
transmitter 50 and the optical receiver 60 to display the SD
distances in the cell. In this case, in the setting screen of FIG.
20, by adding “use” and “no use” buttons, use or no use of a
cell corresponding to each of the measurement points may be
set on the screen.

FIG. 21 illustrates a setting screen of the used SD distance
and an effective radius. Since plural kinds of SD distances are
considered from the probe arrangement which is actually
used, the setting screen is provided so as to select a used SD
distance among the plural SD distances. In a text box 121, the
number of kinds of used SD distances is input. In text boxes
122 and 123 in which the used SD distances are input, a
priority SD distance and the other SD distances are input,
respectively. In the text box 124, an effective radius is input.
Here, all measurement points of priority SD distances are
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measured. At the measurement point in the priority SD dis-
tance, the signal from the brain and the signal from the scalp
are separated and reconstructed. A used distance range from
the measurement point of the priority SD distance of the used
SD distances other than the priority SD distance is input to the
text box 124 of the “effective radius”. Further, all measure-
ment points of the SD distances within the effective radius in
the text box 123 are used. By the method, the SNR at all
measurement points is allowed to be in a predetermined range
and the priority SD distance is set so that the analysis and the
display are allowed in accordance with the purpose. In addi-
tion, according to the system, since the measurement points to
be used are selected and used without omission, it is possible
to precisely perform the method of separating and extracting
the signal from the brain and the signal from the scalp with a
high reproducibility. The OK button 113 and the cancel but-
ton 114 are used similarly to FIG. 20.

FIG. 22 illustrates a setting screen of a light intensity and a
gain of the detector. An operator sets the light intensity and the
gain of the detector using the input part 107. The light inten-
sity is set in following four setting modes by a radio button
131 that sets the light intensity. In “constant for all light
sources” mode, the light intensity is set for all light sources to
be constant. For example, the mode is used when a temporal
average is constantly maintained due to restriction such as a
safety criterion. In a “manual setting” mode, a light intensity
of each of the light sources is manually set one by one. In an
“automatic setting” mode, the light intensity of each of the
light sources is automatically set. In this case, the light inten-
sity is set so as to avoid the saturation of the detector, maintain
the light intensity to be below a predetermined threshold
value, or maximize the signal to noise ratio (SNR). The
threshold value is, for example, set to be 3 mW which is below
the safety criterion. In a “read memorized value” mode, a
memorized value of a previous setting value is used.

By the radio button 132 for setting the gain of the detector,
the gain of the detector is set in following four modes. In a
“fixed gain” mode, the gain set in the detector is temporally
constant. For example, the gain is set to be halfthe level where
the detector is saturated so as not to be saturated at an irradi-
ating timing with the largest detected light intensity. In an
“adaptive gain” mode, an optimal gain is set at irradiating
timing of each of the light sources. In a “manual gain” mode,
the gain of each of the light sources is manually input and set.
In a “read memorized value” mode, a memorized value of a
previous setting value is used. In these setting modes, the
setting button 133 is pressed so that the setting condition is
effective. When the setting condition is stored, the OK button
113 is pressed. When the setting condition is not stored, the
cancel button 114 is pressed.

By changing the setting of the light intensity and the gain of
the detector, the measurement conditions are optimized in the
measurement at various probe arrangements and SD dis-
tances and the conditions may be unified for every subject.
Further, the reproducibility may be improved for the same
subject.

FIG. 23 illustrates a detector gain automatic adjusting
screen. In the detector gain condition set in FIG. 22, in cases
of “fixed gain” setting or the “adaptive gain” setting, the gain
of the detector is automatically adjusted. The automatic gain
setting result 139 at the measurement point in the SD distance
of'30 mm is illustrated on an upper part of the screen, and the
automatic gain setting result 140 at the measurement point in
the SD distance of 15 mm is illustrated on a lower part of the
screen. An indication method is as illustrated in a legend 135.
An indication 136 indicating that an intensity of the detected
light is high by coloring the cell of the measurement position
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with black, an indication 137 indicating that the intensity of
the detected light is moderate by coloring the cell of the
measurement position with gray with a circle (O) at a center
thereof, and an indication 138 indicating that the intensity of
the detected light is low by coloring the cell of the measure-
ment position with white are used. Since the result of the
intensity of the detected light largely depends on a mounted
state of the probe, when the intensity of detected light is low
at some of measurement points, the probe is fixed to be
mounted to improve the intensity. In this case, after changing
the mounted state of probe, a retry button 134 of the gain
adjustment is pressed to adjust the gain of the detector again.

In order to apply the method that separates and extracts the
signal from the brain and the signal from the scalp to abroader
measurement, the method may be desirably applied for all
probe arrangements. Therefore, various information for each
of the measurement points is stored in database and then the
information is used at the time of analysis to efficiently sepa-
rate and extract the signal from the brain and the signal from
the scalp. FIG. 24 illustrates data structure of measurement
pointinformation. In a measurement point information region
161, six kinds of information, that is, a measurement point
number 154, a light source/detector ID 155, a light source/
detector coordinate 156, an SD distance 157, a measurement
point coordinate 158, measurement data 159 are stored. The
measurement data 159 is data which is stored by being sent
from a measurement part 160. An operator of experiment
inputs a pair of optical transmitter and optical receiver to be
used, arrangement of the optical transmitter and the optical
receiver, a positional reference with respect to the subject, and
a number of the measurement point using a setting input part
151. Here, the positional reference adopts, for example, an
international 10-20 rule used to dispose brain wave electrodes
as a reference. Based on the input information, data corre-
sponding to the measurement point number 154 and the light
source/detector ID 155 in the measurement point information
region 161 is input. Further, the light source/detector coordi-
nate 156, the SD distance 157, and the measurement point
coordinate 158 are calculated by a calculation part 152 and
then stored as data. Further, at the time of calculation, a
subject shape data 153 is read to be used. The subject shape
data 153 includes, for example, head shape data by a nuclear
magnetic resonance imaging (MRI) or an X ray CT or head
shape data of the subject which is measured by a three dimen-
sional position measurement system that uses magnetism.

A flow of the measurement in the embodiment will be
described. FIG. 25 illustrates a measurement flowchart in the
embodiment. At first, the operator inputs subject data (struc-
ture data such as an MRI image) (S101). Then, the operator
inputs probe arrangement (S102). The calculation part 152
performs Monte Carlo simulation based on the structure data
or calls a Monte Carlo simulation result and calculates a mean
optical path length at every measurement point and every SD
distance (S103). The calculation part 152 calculates a thresh-
old value of an evaluation function (for example, a gradient of
weight values with respect to the SD distance) based on the
mean optical path length at every measurement point and SD
distance (S104). Next, the operator mounts the probe on the
subject (S105) and adjusts a detector gain and power of alight
source (S106) and performs the measurement (S107). Next,
the calculation part 152 determines whether a scalp blood
flow discrimination algorithm is applied (S108). If the algo-
rithm is applied, the scalp blood flow discrimination process-
ing is performed (S109) and then the analysis data is dis-
played and stored (S110). If the algorithm is not applied, the
analysis data is displayed and stored (S110) without perform-
ing the scalp blood flow discrimination processing (S109). As
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described above, by using an optimal threshold value to the
subject which is calculated and estimated from the structure
data, it is possible to improve the precision of the scalp blood
flow discrimination algorithm. Further, even when the struc-
ture data is not provided, it is considered to use the same value
for every subject as a threshold value calculated from an
experimental value of the threshold value or a threshold value
calculated from standard human head structure data. In this
case, the threshold may be selected between 0.0015 and
0.0055 mMmm/mm.

As a method that optimizes a threshold value of a weight
value gradient with respect to the SD distance for every sub-
ject, there is a method that calculates an optical path length
based on the head structure data of each subject on the basis
of the Monte Carlo simulation or numerical analysis by an
optical diffusion equation and determines an optimal thresh-
old value so as not to be contradictory with the result. How-
ever, the head structure data requires MRI or X ray CT mea-
surement data and it is not sure if the head structure data is
available for all subjects. Therefore, other method is required.
Inthis case, a method that temporally sets the threshold value
to approximately 0.0015to 0.0055 mMmm/mm and performs
measurement for the same subject in the same task several
times and searches for the threshold value separated into the
brain component and the scalp component for every time or as
many times as possible is considered. According to the
method, since a subject dependent factor is considered by
selecting a threshold value having a high reproducibility of
the separation result, the method may be a robust method as
compared with a method that uses a fixed threshold value.

FIG. 26 illustrates a flowchart of scalp blood flow discrimi-
nation. At first, the calculation part 152 associates one or a
plurality of measurement data at a second SD distance with
each measurement data in a first SD distance. Alternatively,
the operator manually selects a neighboring measurement
point at the second SD distance (S201). Next, the calculation
part 152 separates one or plurality of components using a
signal separating method such as independent component
analysis (S202) and determines SD distance dependency
(weight value gradient in every SD distance) of the separated
components using a least-square method (S203). The calcu-
lation part 152 classifies the separated components into a
signal from brain or a signal from the scalp based on a pre-
determined evaluation function (S204). Finally, the calcula-
tion part 152 reconstructs a signal only using the signal com-
ponent from the brain to be displayed (S205).

In the flowchart, only independent component analysis has
been described. However, a signal separating method that
applies principle component analysis, factor analysis, mul-
tiple linear regression analysis, or cluster analysis may be
used. Further, when the calculation part 152 calculates the
dependency on the SD distance of the separated components,
amodel equation is not limited to a linear function, but may be
amethod that performs a least square fitting on an appropriate
order of polynomial equation, an exponential function, a
logarithm function, or a hyperbolic function. Further, for the
evaluation function described above, the weight value gradi-
ent of an independent component, a threshold value by the
Monte Carlo simulation which can be calculated from an
assumption of the structure data, or a value obtained by sub-
tracting error sum of square at the time of fitting from the
weight value gradient may be used. In other words, if the error
sum of square is large, the reliability of the separated com-
ponent is considered to be low. Therefore, the separated com-
ponent is considered as a noise or a systemic signal compo-
nent so that the separated component is not separated as a
brain component. Accordingly, the component is removed,
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which allows only an appropriate separated component as a
brain component to be extracted.

Further, other than the method of calculating the evaluation
function as described above, if there is a plurality of data in
the same SD distance when the weight value gradient of the
independent component is calculated, a method that calcu-
lates a standard deviation using a weight value of the SD
distance and calculates a gradient by weighting a reciprocal
number thereof is considered. The method is based on an
assumption that the value is probable as the standard devia-
tion of the weight value is small. If the variation is large, a
possibility that the value is obtained by chance is high. There-
fore, according to the method, since the evaluation function is
calculated to be low, a probability that the component is
separated as the brain component is lowered. As described
above, a component having a variation in the weight values
even in the same SD distance may be removed from the brain
component.

As another method of calculating an evaluation function, a
method that considers a reciprocal number of a distance of a
priority SD distance from the measurement point as a reli-
ability to be weighted and calculates the weight value gradi-
ent using data of the measurement points in every SD distance
is considered. If the measurement point is deviated, an optical
path of light irradiated from the optical transmitter 50 is
changed so that a possibility that a wrong part is measured is
increased. Therefore, as closer to the measurement point in
the priority SD distance, the optical path shared at the mea-
surement points is increased, which becomes a proper condi-
tion to calculate the independent component by the indepen-
dent component analysis. According to the method, it is
possible to weight depending on the distance between the
measurement points even when the distribution range of the
scalp blood flow is small and the measurement wave is varied
depending on the position of the measurement point. There-
fore, it is possible to obtain a more precise result.

Further, a method that uses an intercept of an SD distance
axis (X axis in FIG. 4B) of the regression line that indicates
the SD distance dependency of each of the independence
component obtained by the least-square method is consid-
ered. For example, in the case of an independence component
having a large intercept of the SD distance axis, the weight
value is increased when the SD distance is equal to or larger
than a predetermined value. Therefore, the component may
be from a hemodynamic status of a deep portion of the gray
matter. Accordingly, a method that sets a threshold value in
the intercept of the SD distance axis (X axis) is considered.
According to a Modified Beer-Lambert law, a signal which is
proportional to the optical path should be obtained (if a uni-
form change of blood flow in the corresponding partial optical
pathis assumed). Therefore, if an independence component is
a signal from the gray matter, the X intercept of the regression
line that represents the SD distance dependency is expected to
be ideally approximately 10 mm and at least positive. Since
the x intercept does not depend on the signal amplitude, the x
intercept does not have task dependency and thus may be a
threshold value which may be commonly used for the same
subject.

For example, as illustrated in FIG. 4B, the threshold value
of the x intercept may be set to be approximately 10 mm. By
doing this, signals from the tissue in a shallow portion and a
deep portion in the subject 10 may be precisely separated.
Further, by combining the threshold value of the x intercept
with the weight value gradient described above, it is expected
to increase the precision.

Further, if the x intercept is approximately 10 mm or less
and, specifically, has a negative value, in an ideal case that
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does not include a noise, a signal of a shallower portion than
the gray matter is included. If the gradient is large simulta-
neously to the above, a signal of a deep portion including the
gray matter is included. Therefore, it is interpreted that the
component is commonly included in the deep portion and the
shallow portion. For example, systemic hemodynamic com-
ponent may be commonly included in both the deep portion
and the shallow portion. As described above, by studying the
x intercept and the gradient, it is possible to determine
whether the component is included in only one of the deep
portion or the shallow portion or both the deep portion and the
shallow portion.

If a plurality of optical transmitters 50 and a plurality of
optical receivers 60 are provided, as illustrated in FIG. 21, for
example, independent component analysis is performed
using a measurement point in the SD distance of 15 mm
which is disposed within an effective radius of 22.5 mm with
respect to the measurement point in each of the SD distances
0130 mm (priority SD distance). In the independent compo-
nent analysis, in order to extract a plurality of independent
components, data at a plurality of measurement points is
required in principle so that it is required to select the used
data. A flow when a measurement point to be used in the
independent component analysis is selected corresponding to
the measurement point in each of the priority SD distances
will be described below. FIG. 27 is a flowchart of selecting a
measurement point in the second SD distance corresponding
to a measurement point in each of the first SD distances. At
first, the operator inputs a condition such as an effective
radius or minimum and maximum number of used measure-
ment points (S301). Next, the calculation part 152 calculates
a distance between the measurement point in the first SD
distance (priority SD distance) and the measurement point in
the second SD distance (S302) and stores a channel number of
the measurement point in the second SD distance which is
equal to or smaller than the threshold value (may be smaller
than the threshold value) (S303). The calculation part 152
adjusts the number of selected channels at the second SD
distance so as to satisfy the condition (S304). The calculation
part 152 similarly calculates the above steps for all measure-
ment points in the first SD distance (S305). By the flow, only
the neighborhood measurement point is included in the analy-
sis. If the scalp blood flow does not have a broad spectrum,
that is, even when the scalp blood flow is locally distributed,
only the neighborhood measurement point which has a mea-
surement point with the priority SD distance on the head
surface as a center is used to extract the independent compo-
nent. Therefore, it is possible to efficiently separate and
remove the scalp blood flow component. Even when the scalp
blood flow has a broad spectrum, it is needless to say that the
scalp blood flow component is similarly separated and
removed. Therefore, the method is more general than a
method that removes the scalp blood flow based on a mea-
surement signal of'a laser Doppler blood flowmeter ora blood
pressure meter other than the brain function.

FIG. 28 illustrates a flowchart of determining a threshold
value of the weight value gradient of each of the independent
components in a SD distance. At first, by inputting by the
operator and the reading out of the simulation result, the
calculation part 152 plots a partial optical path length of the
gray matter for every SD distance (S401). Next, the calcula-
tion part 152 calculates the gradient (slope) a (mMmm/mm)
by calculating a regression line using the least-square method
(S402) and sets, for example, an amount a/2 (mMmm/mm)
uniquely defined from the gradient a (mMmm/mm) as a
threshold value for the independent component selection
(S403). Here, in order to separate the scalp signal and the gray
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matter signal illustrated in FIG. 4, an average of the gradients
with respect to the SD distance of both signals is defined as a
threshold value. Further, the threshold value is not limited to
a/2, butmay be defined as a different value. By the method, an
optimal threshold value which depends on the head structure
of each of the subjects may be used so that it is possible to
precisely separate the brain component and the scalp compo-
nent.

Further, a measurement point in a short SD distance may be
smoothly present within the effective radius to be close to the
measurement point in the priority SD distance. However, it is
also considered that the measurement point in a short SD
distance does not exist depending on the probe arrangement,
which is because the distribution density of the measurement
points in each of the SD distances is varied. In this case, an
exceptional processing that increases the effective radius of
the measurement point in the priority SD distance around
which there is no measurement point in a short SD distance
and uses data of the nearest measurement point in the short
SD distance is required.

Next, an actual measuring example that uses the present
invention will be described. In order to confirm the basic
principle of the present invention, a probe including one
optical transmitter 50 and six optical receivers 60 is used to
measure a human left frontal region at the time of performing
a verbal working memory task. FIG. 29 illustrates a multiple
SD distance probe arrangement having one optical transmit-
ter and six optical receivers. The optical receivers 60 are
disposed on a straight line with an interval of 8 mm. In the
verbal working memory task, the subject memorizes two or
four Hiragana which is displayed on a target screen for 1.5
seconds and judges whether Hiragana which is pronounced
alike to one Katakana which is displayed in the probe screen
after a delay period of seven seconds is present in the memo-
rized screen as soon as quickly. If Hiragana is present, the
subject presses “O” button and if not, the subject presses “X”
button. The used button is in a game pad. When the button is
pressed, the probe screen disappears. However, even when
the button is not pressed, the probe screen disappears for at
most two seconds. After displaying the probe screen, a rest
time of 16 to 21 seconds is provided. During the delay period
after the target screen and the rest period after the probe
screen, a fixation point is displayed on the screen and the
subject gazes the fixation point. One second immediately
before displaying the target screen and one second between
14 second and 15 second after starting to display the probe
screen are used to calculate a base line in each block. The
sequence is repeated 16 times (total 16 trials).

FIG. 30 illustrates measurement data in each of SD dis-
tances at the time of performing the verbal working memory
task. The SD distances are 8, 16, 24, 32, 40, and 48 mm from
the upper part. A dotted vertical line in the drawing is a mark
indicating a starting/ending time of the task (t=1 s is a starting
time). The bold lined waveform is a time change waveform of
the oxygenated hemoglobin concentration length change
(oxy-Hb) and a thin lined waveform is a time change wave-
form of the deoxygenated hemoglobin concentration length
change (deoxy-Hb). Since the waveforms obtained in accor-
dance with the SD distances are significantly different, it is
considered that different hemodynamic changes occur in the
shallow portion and the deep portion of the head. Two moun-
tains (peaks) are represented. The first mountain is increased
as the SD distance is increased while the second mountain has
a substantially constant amplitude regardless of the SD dis-
tance. The first mountain and the second mountain are inde-
pendent components. Further, it is easily understood that the
gradient of the first mountain with respect to the SD distance
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of a product of the weight value and the root mean square is
large but the gradient of the second mountain is small.

FIG. 31 illustrates an extracted independent component
162, a weight value gradient 163, and an average of an inter-
trial correlation coefficients 164. Here, data of the SD dis-
tance of 8 mm is used to extract the independent component
but not used to calculate the weight value gradient. As illus-
trated in FIG. 4B, if the SD distance is 10 mm or shorter, a
partial mean optical path length in the gray matter is substan-
tially 0 mm. Therefore, it is considered that if the data of the
SD distance of 10 mm or shorter is used, the precision may be
deteriorated. As a result, total four independent components
are extracted and the component weight value gradient with
respect to the SD distance of the components is as illustrated
in the middle of FIG. 31. A gradient of a component 2 is large.
Further, in the lower part of FIG. 31, an average value of the
correlation coefficients of all combinations of the indepen-
dent components during total 16 trials is illustrated, which
indicates a strength of task synchrony of the independent
components. By the display method, it is possible to search
the correlation between the component weigh value gradient
and the inter-trial correlation and the method is useful to
search the task dependency of the brain component and the
scalp blood flow.

Aresult displaying example after separating the brain com-
ponent and the scalp component by applying the method of
the present invention is illustrated in FIG. 32. In FIG. 32, a
result when the threshold value of the independent compo-
nentis 0.0021 mMmm/mm is illustrated. In original data 171,
the oxy-Hb and the deoxy-Hb measured in the SD distance of
32 mm are illustrated but the brain data 172 and the scalp data
173 are results that reconstruct only the oxy-Hb. This is
because, in the experimental analysis, only oxy-Hb is used to
separate the independent component. Here, data recon-
structed as the brain data is a result reconstructed using only
the component 2 in FIG. 31. The result has a positive-negative
inversed waveform with respect to the waveform of the com-
ponent 2, which is because the multiplied coefficient is nega-
tive at the time of reconstruction. In a check box 174 that
selects a display method of the original data, the brain data,
and the scalp data, data to be displayed may be selected and a
display method in accordance with the purpose may be
achieved. Even though not illustrated in FIG. 32, the SD
distance of data to be displayed may be selected. Accordingly,
a component having a larger amplitude is separated as a brain
component and the other components are separated as the
scalp data as the SD distance becomes longer. As described
above, the original data 171, the brain data 172, and the scalp
data 173 are simultaneously displayed with the same scale of
the vertical axis so that it is possible to easily understand the
state of the brain data or the scalp data included in the original
data and the size of the contribution. Further, it helps to know
the characteristics of the brain and scalp blood flow induced
by the task.

Next, a display example when the plurality of optical trans-
mitters 50 and the plurality of optical receivers 60 are two-
dimensionally disposed and the brain data and the scalp data
are imaged to be measured is illustrated in FIG. 33. F1G. 33 is
a display example of a measurement result by a whole head
measuring type brain function photometric device. Oxygen-
ated hemoglobin concentration length change (oxy-Hb) map
301 of a frontal region, a parietal region, a left and right
temporal region, and an occipital region is displayed. An
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amplitude value is represented by shadings in a gray scale bar
302. A temporal axis may be adjusted by a scroll bar 303 for
time display. Further, the radio button 304 allows the select-
ing whether to normally display the signal from the brain, the
signal from the scalp, and the SD distance of 30 mm. Further,
FIG. 34 illustrates a display example of two dimensional data
at every SD distance. An upper portion of FIG. 34 illustrates
original data (normal display) when the SD distance is 30 mm
and a lower portion of FIG. 34 illustrates original data (nor-
mal display) when the SD distance is 15 mm. The radio button
304 allows the selection of the display method. As described
above, by displaying the two dimensional measurement data
for every SD distance, status of the signal from the brain and
the signal from the scalp for every SD distance may be clearly
understood.

In the display method in FIGS. 32 to 34, other than the
original data, the brain data, and the scalp data, a component
considered as a shared component included in both the deep
portion and the shallow portion by the determination criterion
of an x intercept may be simultaneously displayed.

Here, another method that classifies the brain data and the
scalp data using the x intercept will be described. FIG. 35
illustrates a model of a partial optical path length in the scalp
and the gray matter. The horizontal axis indicates the SD
distance (mm) and the vertical axis indicates the partial opti-
cal path length (mm). In this case, if it is assumed that the
scalp optical path length is a constant value and the gray
matter is a straight line in which the x intercept is positive, a
model may be obtained as represented by Equations 8 and 9.

[Equation 8]

y=c ®)

[Equation 9]

©

Here, if a contribution ratio of the Hb concentration change
in the brain (gray matter) in which optical path length influ-
ence of a “shared component™ that contains both the signal
from the brain and the signal from the scalp at a predeter-
mined ratio is removed is t (0<t<1) (referred to as a brain
contribution ratio) and a contribution ratio of a concentration
change in the scalp (skin) is 1-t, a sum of optical path lengths
of both signals weighted by t is represented by Equation 10.

y=a(x-Xsg,,)

[Equation 10]

Y=a(x=-Xsg,, )i+c(1-1) (10)

In this case, since a component’s contribution value of the
shared component at each measurement point is proportional
to the optical path length, the component’s contribution value
is plotted with respect to the SD distance as illustrated in FIG.
36 (when using data of SD distances of 15 mm and 30 mm).
In FIG. 36, the x intercept (Xs) is x when a left side of
Equation 10 is substituted with O so that Xs is represented by
Equation 11.

[Equation 11]

c(l-1)
ar

an

Xs = XSgray —
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Further, if Equation 11 is modified to be solved for t,
Equation 12 is obtained.

[Equation 12]

_ c _ 32.4
T c—alXs— XSgray) T 41.4-0.833Xs

(12

Here, it is assumed that a, Xs, and ¢ are 0.833, 10.83, and
32.4, respectively from the Monte Carlo simulation result
(FIG. 4) in which a typical human head model is assumed.

Therefore, the SD distance-component’s contribution
value distribution of the independent components from the
actual measurement data is obtained and the x intercept (Xs)
obtained by the linear regression by the least-square method
is substituted in Equation 12 to obtain the contribution ratio t
of the concentration change in the brain of the shared com-
ponent. It is possible to reconstruct the shared component as
a brain component and a scalp component by weighting with
tand 1-t.

FIG. 37 illustrates a flowchart of an example of a compo-
nent separating method using an x intercept of the regression
line of the SD distance—component’s contribution value dis-
tribution of each independent component when measurement
points in SD distances of 15 mm and 30 mm are used. The
calculation part 152 obtains the regression line in the SD-
distance (x axis)—weight value (y axis) distribution and cal-
culates the x intercept Xs (mm) and a gradient a (mMmm/
mm) for the independent components after performing
independent component analysis using a plurality of mea-
surement signals in an SD distance (S501). Next, the calcu-
lation part 152 determines whether the x intercept Xs is equal
to or larger than the threshold value TH1 (for example,
TH1=15 mm) (8502). Since the SD distances are 15 mm and
30mm, if Xs=15, a code of the weight value of SD distance of
15 mand 30 mm is different or an absolute value of the weight
value of the SD distance of 15 mm is larger than that of the SD
distance of 30 mm. Whether the code is different or the
absolute value of the weight value of the SD distance of 15
mm is larger than that of the SD distance of 30 mm may be
determined by determining whether the gradient a is equal to
or larger than the threshold value TH2 (for example,
TH2=0.003 mMmm/mm) (S503). Ifitis determined to be No,
it is the latter case and it is considered as the scalp component
(S505). Further, if it is determined to be Yes, it is the former
case and it is considered as the brain component (S506). In the
former case, the codes of the weight values in the SD dis-
tances of 15 mm and 30 mm are different but the gradient is
large. Therefore, the absolute value of the weight value in the
SD distance of 15 mm is smaller than the absolute value of the
weight value in the SD distance of 30 mm and thus it is
determined as artifact. Further, in step S502, if it is deter-
mined to be No, the calculation part 152 determines whether
the x intercept Xs is equal to or larger than a threshold value
TH3 (for example, TH3=10.83 mm) (S504). If it is deter-
mined to be Yes, it is considered as a brain component (S506).
If it is determined to be No, it is considered as a shared
component which is commonly included in the brain and the
scalp (S507). TH3 may be obtained by the Monte Carlo
simulation based on the head structure. The calculation part
152 calculates a brain contribution ratio t of shared compo-
nent using the above Equation 12 (S508). The above calcula-
tion is performed for all independent components and then
signals for the brain component or the scalp component may
be reconstructed.
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Here, a method that uses both the x intercept Xs and the
gradient a will be described. However, only one of them may
be used.

It is desirable to optimize TH1, TH2, and TH3 by the SD
distance, the head structure, and the measurement condition
to be used. By the analysis by the flow, a plurality of compo-
nents having different contribution ratios from the brain and
the scalp is weighted in accordance with the contribution ratio
to be used to reconstruct the signal. Further, it is possible to
prevent the erroneous analysis by classifying the components
into any one of the brain component and the scalp component
and precisely calculate the brain component and the scalp
component. Even when the correlation between the signal
from the brain and the signal from the scalp is high, it is
possible to reconstruct the signal in consideration of the con-
tribution ratio.

According to the embodiment, it is possible to separate the
NIRS signal into the signal from the brain and the signal from
the scalp, display the result, and precisely perform and ana-
lyze the various brain function measurement.

Second Embodiment

In the first embodiment, the distribution density of the
measurement points in the SD distance is varied depending on
the probe arrangement. By adding only the optical receiver 60
to the probe arrangement described in the first embodiment, it
is possible to easily increase the measurement points without
lowering the temporal resolution. FIGS. 38A and 38B illus-
trate the probe arrangement where only the optical receiver 60
is added to the double density probe arrangement (see FIG.
8A) and arrangement of measurement points. The optical
receiver is added in a position of the SD distance of 15 mm
with respect to the optical transmitters 50. In this case, the
measurement point in the SD distance 15 mm is doubled from
the number of optical transmitters 50 if the measurement
point for the optical transmitter 50 at the border above and
below the probe arrangement is removed. The added optical
receiver 60 receives light while being synchronized with at
least one of the plurality of other optical receivers 60 to
increase the measurement points without lowering the tem-
poral resolution of the device and signal to noise ratio of the
measurement point. Further, it is possible to further precisely
separate the signal from the brain and the signal from the
scalp. The added optical receiver 60 may be a detachable
optical receiver 60 in accordance with a required precision.

Similarly to the embodiment, if only the optical transmitter
50 is added, in order to prevent the interference with the other
measurement point, a processing that shifts the lighting tim-
ing or changes a modulation frequency is required. Further, if
the neighboring optical receiver 60 is disposed to receive
light, the shot noise by the photocurrent is increased in the
optical receiver 60 so that the temporal resolution and/or the
signal to noise ratio of other measurement points may be
lowered. Therefore, a method of the present embodiment that
adds only the optical receiver 60 is effective.

The arrangement of the optical receivers 60 illustrated in
FIGS. 38A and 38B is illustrative but the invention is not
limited to the above arrangement. In the probe arrangement
illustrated in FIGS. 15 to 18, the embodiment may be applied
by adding the optical receivers 60.

Third Embodiment

FIG. 39 illustrates an experimental configuration view
using a whole head measuring type brain function photomet-
ric device 90. A local cerebral blood volume (oxygenated
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hemoglobin, deoxygenated hemoglobin, and total hemoglo-
bin concentration length change) is obtained in the brain
function photometric device 90 by irradiating light having a
wavelength which belongs to the visible ray to the infrared
region onto the head of the subject and detecting and measur-
ing the light of signals with a plurality of wavelengths which
passes through the subject with the same light detector. Dur-
ing the measurement, an appropriate stimulus/instruction
may be issued to the subject 10 by a stimulus/instruction
presentation device 415. The stimulus/instruction presenta-
tion device 415 is controlled by a control signal 414 from the
calculator 412.

A plurality of light sources 402a to 402d having different
wavelengths (if there are two wavelengths, for example, the
wavelength of the light sources 402a and 402¢ is 695 nm and
the wavelength of the light sources 4025 and 4024 is 830 nm),
modulators or oscillators 401a and 4015 (401c¢ and 4014) that
modulates an intensity of light from the plurality of light
sources 402a and 4025 (402¢ and 4024d) at different frequen-
cies through driving signal lines 416a and 4165 (416¢ and
416d), a plurality of light irradiating units that irradiates light
from a coupler 404a (4045) that couples the light whose
intensity is modulated through optical fibers 403a and 4035
(403¢ and 4034d) on the scalp of the subject 10 through the
transmitting optical fiber 4054 (4055), and a plurality of
optical receiving units including optical receivers 408a and
4085 provided in light receiving optical fibers 407 and 4075
such that edges are positioned in a position with a distance
(forexample, 15 mm and 30 mm) set in advance from the light
irradiating position close to the light irradiating position of
the plurality of light irradiating units are provided. The light
that passes through the living body is focused in the optical
fiber by the light receiving optical fibers 407a and 4075 and
the light that passes through the living body is photoelectri-
cally converted by the optical receivers 408a and 4085 to be
amplified. Here, at edges of the light transmitting optical
fibers 405a and 4056 and the light receiving optical fibers
407a and 4075, optical transmitting probes 501a and 5015
and optical receiving probes 502a and 5025 that support the
optical fibers are appropriately disposed in the subject 10.
Further, a probe holder 503 that supports the plurality of
probes is fixed to the subject 10.

The optical receiving unit detects the light which is
reflected and transmitted in the subject 10 and converts the
light into an electric signal. Therefore, as the optical receiver
408, a photoelectric conversion element that is representative
by a photomultiplier tube or a photodiode may be used. In
FIG. 39, it is described that two kinds of wavelength is used.
Further, three kinds of wavelength may be also used. Further,
for the purpose of the simplicity, in FIG. 39, two light irradi-
ating units and two optical receiving units are disposed. How-
ever, in the embodiment, it is required to be a multiple SD
arrangement and thus a plurality of receiving units which are
not illustrated is present.

Electrical signals that indicate the intensity of living body
passed light which is photoelectrically converted by the opti-
cal receivers 408a and 4085 are input to lock-in amplifiers
4094 to 409d. In the lock-in amplifiers 409a to 4094, refer-
ence signals 4174 to 4174 from the oscillators (modulators)
401a and 4015 (401c and 401d) are input. For example, in the
lock-in amplifiers 4094 and 4095, light of 695 nm of the light
sources 402a and 402c¢ is separated and output to be drawn by
the lock-in processing. In the lock-in amplifiers 409¢ and
4094, light of 830 nm of the light sources 4025 and 4024 is
separated and output. In this case, in FIG. 39, two points
between the optical transmitting probe 501a¢ and optical
receiving probe 502a and between the light transmitting
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probe 5015 and the light receiving probe 5025 are considered
as the measurement points for the purpose of the simplicity.
With the similar configuration, two points between the light
transmitting probe 501« and the light receiving probe 5025
and between the light transmitting probe 5015 and the light
receiving probe 502¢ may be the measurement points.

After analog-to-digital converting separated passage light
intensity signals having wavelengths which are outputs of the
lock-in amplifiers 409a to 4094 by the analog-to-digital con-
verter 410, the signals are sent to a measurement and control
calculator 411. The measurement and control calculator 411
uses the passage light intensity signal to calculate an oxygen-
ated hemoglobin concentration and a deoxygenated hemo-
globin concentration length change, and a total hemoglobin
concentration length change from detecting signals of detec-
tion points by a method disclosed in Non-Patent Literature 1
and stores the calculated result in a storage device as temporal
information in a plurality of measurement points. Here, an
example of analog-to-digital conversion performed after per-
forming the lock-in processing is described. However, after
amplifying and analog-to-digital converting the signal from
the optical receiver, the lock-in processing may be performed
in a digital manner. Further, an embodiment that separates a
plurality of light components by a modulating method is
described, but the invention is not limited thereto. For
example, a time divisional method that discriminates the plu-
rality of light components by temporally shifting the timing
when the plurality of light components is irradiated may be
used.

The calculator 412 includes an input part, an analysis part,
a memory part, and an extract part and the result calculated in
the measurement and control calculator 411 is analyzed by
the analysis part. The input part inputs setting such as analysis
condition from the outside. When the calculator 412 has a
displaying function, the display 413 may be omitted. The
analysis result of the analysis part is stored in the memory
part. The extract part extracts information concerning a local
brain hemodynamic of the subject 10 from the signal ana-
lyzed in the analysis part. The information concerning the
local brain hemodynamic of the subject 10 extracted in the
extract part is displayed on the display 413. In FIG. 39, the
measurement and control calculator 411 and the calculator
412 are separately illustrated. However, only one calculator
may be used.

Inthe configuration, a separating method of the brain com-
ponent and the scalp component described in the first embodi-
ment may be applied. Using the configuration, at least one of
a frontal region, a temporal region, a parietal region, and an
occipital region of the head is measured for each of the sub-
jects. If the frontal region is measured, a storage task and an
emotional task are performed. If the temporal region is mea-
sured, a hearing task, a verbal task, and a motor task are
performed. If the parietal region is measured, a motor task and
a spatial cognition task are performed. If the occipital region
is measured, a visual task and a sleeping task are performed.
By performing the measurement in every measurement
region and the tasks, it is possible to calculate the distribution
of'the contribution ratio of the brain component and the scalp
component in the measurement region of the subject when the
task is performed and thus the measurement may be applied
when selecting an optimal task in accordance with the mea-
surement region and the purpose. For example, in a predeter-
mined region, it is possible to select a task that reduces the
contribution ratio of the scalp component so as to be smaller
as much as possible.

FIG. 40 illustrates an example of a screen that displays the
task dependence of the brain component and the scalp com-
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ponent in each region of the subject. An upper part of FIG. 40
illustrates a scalp component index in the measurement
regions with an average value (black circle) and a standard
deviation (error bar) and a lower part of FIG. 40 illustrates a
scalp component index of the signals by the tasks in each
region. A reference symbol WM denotes a working memory
task, EM denotes the emotional task, AU denotes audio task,
LG denotes a verbal task, MT denotes a motor task, SC
denotes a spatial cognition task, SL. denotes a sleeping task,
and VS denotes the visual task. The scalp component index
may use the contribution ratio used together with the brain
component and the scalp component or an average amplitude
value of the brain component and the scalp component. Here,
the brain contribution ratio and the scalp contribution ratio
which are used as an index may be represented by Equations
13 and 14.

[Equation 13]

BRAIN CONTRIBUTION RATIO=100xAMPLI-
TUDE VALUE OF BRAIN COMPONENT/
(AMPLITUDE VALUE OF BRAIN COMPO-
NENT+AMPLITUDE VALUE OF SCALP

COMPONENT)(%) (13)

[Equation 14]

SCALP CONTRIBUTION RATIO=100x AMPLI-
TUDE VALUE OF SCALP COMPONENT/
(AMPLITUDE VALUE OF BRAIN COMPO-
NENT+AMPLITUDE VALUE OF SCALP

COMPONENT)(%) (14)

Here, the following relationship of Equation 15 is estab-
lished.

[Equation 15]

BRAIN CONTRIBUTION RATIO+SCALP CON-

TRIBUTION RATIO=100(%) as)

The amplitude value of the brain component and the ampli-
tude value of the scalp component in Equations 13 and 14 are
defined as a value acquired by obtaining an effective value of
the separated independent components by the root mean
square (RMS) and calculating a weight value (independent
component’s contribution value) at the measurement point,
and taking the total of the independent component’s contri-
bution ratios of the independent components that configure
each of the brain component and the scalp component. In FIG.
40, the scalp component index is illustrated, but the brain
component index may be illustrated.

By the display method of FIG. 40, it is possible to under-
stand the distribution of the scalp blood flow and the contri-
bution ratios of the signal component from the brain for every
region of the subject to be used to select optimal task.

INDUSTRIAL APPLICABILITY

According to the aspects of the invention, in a human head
photometric device that uses visible light and near-infrared
light, it is possible to separate and extract a brain component
and a scalp component from a measurement signal in accor-
dance with the purpose and improve the precision and repro-
ducibility of the human brain function measurement.

REFERENCE SIGNS LIST

10 Subject

11 Measurement point

11a Measurement point (SD=30 mm)
115 Measurement point (SD=23.7 mm)
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11¢ Measurement point (SD=15 mm)

11d Measurement point (SD=10.6 mm)

12 Irradiation point

13 Detection point

20 Main body

30 Light

40 Waveguide

50 Optical transmitter

60 Optical receiver

90 Brain function photometric device

101 Light source

102 Light detector

103 Light source driver

104 Amplifier

105 Analog-to-digital converter

106 Control and analysis part

107 Input part

108 Memory part

109 Display

110 Combo box for probe arrangement selection

111 Radio button for SD distance setting

112 Cell for inputting SD distance

113 OK button

114 Cancel button

121 Text box for inputting kinds of used SD distance

122 Text box for inputting priority SD distance

123 Text box for inputting SD distance

124 Text box for inputting effective radius

131 Radio button for setting light intensity

132 Radio button for setting detector gain

133 Setting button

134 Retry button of gain adjustment

135 Legend

136 Display indicating that detected light intensity is high

137 Display indicating that detected light intensity is mod-
erate

138 Display indicating that detected light intensity is low

139 Automatic gain setting result at measurement point in
SD distance of 30 mm

140 Automatic gain setting result at measurement point in
SD distance of 15 mm

151 Setting input part

152 Calculation part

153 Subject shape data

154 Measurement point number

155 Light source/detector ID

156 Light source/detector coordinate

157 SD distance

158 Measurement point coordinate

159 Measurement data

160 Measurement part

161 Measurement point information region

162 Extracted independent component

163 Weight value gradient

164 Average of inter-trial correlation coefficient

171 Original data

172 Brain data

173 Scalp data

174 Check box of selecting display method of original
data, brain data, and scalp data

301 Oxygenated hemoglobin concentration length change
(oxy-Hb) map

302 Grayscale bar

303 Scroll bar of time display

304 Radio button

401 Oscillator (modulator)

402 Light source
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403 Optical fiber
404 Coupler
405 Light transmitting optical fiber
407 Light receiving optical fiber
408 Optical receiver (including amplifier)
409 Lock-in amplifier
410 Analog-to-digital (A/D) converter
411 Measurement and control calculator
412 Calculator
413 Display
414 Control signal
415 Stimulus/instruction presentation device
416 Light source driving signal
417 Reference signal from oscillator (modulator)
501 Optical transmitting probe
502 Optical receiving probe
503 Probe holder

The invention claimed is:

1. A biological photometric device, comprising:

one or more light sources, each irradiating light on a sub-

ject;

aplurality of light detectors, each detecting the light, which

is irradiated on an irradiation point on the subject from
one of the light sources and propagated in the subject, at
a detection point on the subject; and

a calculator that analyzes signals obtained by the light

detectors,

wherein each of the light sources and each of the light

detectors are configured to be disposed on the subject
such that SD distance defined on the subject as a distance
between the irradiation point and the detection point, is
spaced as at least two types of spacing, and

the calculator extracts a plurality of separated components

including a deep portion component reflecting signal
from brain of the subject and a shallow portion compo-
nent reflecting signal from scalp of the subject using a
signal separation method from a plurality of measure-
ment data respectively measured by combinations of the
light source and the light detector having different val-
ues of the SD distances from one another, analyzes a first
dependency of weight of the deep portion component
within the measurement data with respect to the SD
distance or a partial optical path length in gray matter
and a second dependency of weight of the shallow por-
tion component within measurement data with respect to
the SD distance or the partial optical path length in gray
matter by performing regression analysis and recon-
structs the deep portion component and the shallow por-
tion component of the measurement data according to
the first dependency of weight of the deep portion com-
ponent and the second dependency of weight of the
shallow portion component.

2. The biological photometric device according to claim 1,

wherein the calculator uses the parameter to calculate a

contribution ratio of'a deep portion and a shallow portion
in a shared component that contains both of the signal
from brain of the subject and signal from scalp of the
subject and uses a weight which is proportional to the
contribution ratio to reconstruct the deep portion com-
ponent and the shallow portion component.

3. The biological photometric device according to claim 1,
wherein the plurality of light detectors is disposed so as to
detect a signal from at least two light sources having different
SD distances among signals from the plurality of light
sources which is configured to be disposed within a radius of
60 mm from the light detector on the subject.
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4. The biological photometric device according to claim 1,
wherein the one or plurality of light detectors detects a signal
from at least two kinds of the plurality of light sources at
different timing.
5. The biological photometric device according to claim 1,
wherein the one or plurality of light detectors is disposed so as
to detect the light that is irradiated from the one or plurality of
light sources and propagated in a gray matter of the subject.
6. The biological photometric device according to claim 1,
wherein the first and second dependencies are expressed as a
function g (w, u, 0)=wx(u"2+0"2)"(0.5) or a function g(w)=w
(w is a weight value, u is a mean amplitude value of the
separated component, and o is a standard deviation of an
amplitude value of the separated component).
7. The biological photometric device according to claim 1,
comprising:
a controller that controls the one or plurality of light
sources and the one or plurality of light detectors:
wherein the controller controls a power of the light irradi-
ated from the light sources depending on the SD distance
or a power of the light detected by the light detectors.
8. The biological photometric device according to claim 1,
comprising:
a controller that controls the one or plurality of light
sources and the one or plurality of light detectors:

wherein the controller switches use or nonuse of respective
ones of the light sources or the light detecting units
detectors in accordance with time.

9. The biological photometric device according to claim 1,
comprising:

a display that displays an analysis result in the calculator;

wherein the display displays the separated components so

as to divide the separated components into a shallow
portion signal, a deep portion signal, a signal which is
commonly included in the shallow portion and the deep
portion, or divide signals in a plurality of SD distances,
or divide signals in a measurement portion including at
least one of a frontal region, a temporal region, a parietal
region, and an occipital region of head of the subject, or
divide the separated components into a response signal
of atask including at least one of a memory task, a motor
task, a verbal task, and a visual task.

10. The biological photometric device according to claim
1, further comprising:

a support that supports the light sources and the light detec-

tors;

wherein the support additionally or detachably supports an

auxiliary light detector in order to increase measurement
points, and

the auxiliary light detector detects the light at a timing

when the auxiliary light detector is synchronized with at
least one of the plurality of light detectors.

11. The biological photometric device according to claim
1, further comprising:

a controller that controls the one or plurality of light

sources and the one or plurality of light detectors;

an input part that manually inputs a control method in the

controller and an analysis method in the calculator.

12. The biological photometric device according to claim
1, wherein the plurality of light sources and the plurality of
light detectors are disposed such that the SD distance in at
least two measurement points is larger than approximately 10
mm and in this case, approximately 10 mm is 7 mm or larger
and smaller than 13 mm.
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13. The biological photometric device according to claim
1, wherein a component including at least one of a biological
signal in a shallow portion of the subject, a biological signal
in a deep portion, a systemic biological signal, a device noise,
and a noise due to a body motion, is separated and extracted.

14. The biological photometric device according to claim
1, wherein the calculator analyzes the first dependency by
deriving model parameters of a first regression curve through
fitting the first regression curve to function values of weight of
the deep portion component within the measurement data
corresponding to various values of the SD distance, and ana-
lyzes the second dependency by deriving model parameters
of'asecond regression curve through fitting the second regres-
sion curve to function values of weight of the shallow portion
component within the measurement data corresponding to
various values of the SD distance.

15. The biological photometric device according to claim
14, wherein the calculator reconstructs the deep portion com-
ponent and the shallow portion component of the measure-
ment data by determining a threshold value of gradient from
the first gradient and the second gradient and by segregating
respective ones of the separated components into deep por-
tion components and shallow portion components based on
the determined threshold value of gradient.

16. The biological photometric device according to claim
1, wherein the calculator analyzes the first dependency by
deriving a first gradient of a first regression line through
fitting the first regression line to function values of weight of
the deep portion component within the measurement data
corresponding to various values of the SD distance, and ana-
lyzes the second dependency by deriving a second gradient of
a second regression line through fitting the second regression
line to function values of weight of the shallow portion com-
ponent within the measurement data corresponding to various
values of the SD distance.
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17. A biological photometric method that uses a biological
photometric device including:

one or more light sources that irradiates light on a subject;

a plurality of light detectors that detects the light, which is
irradiated on an irradiation point on the subject from the
one or more light sources and propagated in the subject,
at a detection point on the subject; and a calculator that
analyzes a signal obtained by the one or plurality of light
detectors, the method comprising:

disposing each of the light sources and each of the light
detectors on the subject such that SD distance defined on
the subject as a distance between the irradiation point
and the detection point, is spaced as at least two types of
spacing;

extracting a plurality of separated components including a
deep portion component reflecting signal from brain of
the subject and a shallow portion component reflecting
signal from scalp of the subject using a signal separation
method from a plurality of measurement data respec-
tively measured by combinations of the light source and
the light detector having different values of the SD dis-
tance from on another;

analyzing a first dependency of weight of the deep portion
component within the measurement data with respect to
the SD distance or a partial optical path length in gray
matter and a second dependency of weight of the shal-
low portion component within measurement data with
respect to the SD distance or the partial optical path
length in gray matter by performing regression analysis;
and

reconstructing the deep portion component and the shallow
portion component of the measurement data according
to the first dependency of weight of the deep portion
component and the second dependency of weight of the
shallow portion component.
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